Material and degree of reductance balance equations are used to estimate the rates of oxygen uptake and carbon dioxide evolution of animal cell cultures. Lumped compositions, molecular weight and reductance degree of cellular protein, monoclonal antibody, biomass and amino acid consumption (excluding glutamine and alanine) are found to be relatively constant for different hybridoma cell lines and may be used as regularities. The calculated rates of oxygen uptake and carbon dioxide evolution agree well with experimental values of several different cultures reported in the literature. This simple method gives the same results as calculated on the basis of a detailed metabolic reaction network.
Introduction
The use of on-line measurement of oxygen uptake rate (OUR) has recently gained much attention to monitor and control the metabolism of mammalian cell cultures. For example, Zhou et al. (1995) successfully applied a dynamic on-line OUR measurement to control nutrient feeding in a high density fed-batch culture of mammalian cells. An alternative to the dynamic method is the use of on-line off-gas analysis (Lovrecz and Gray, 1994; Bonarius et al., 1995; Eyer et al., 1995) . The latter gives not only information on OUR but also information on the carbon dioxide evolution rate (CER). The respiratory quotient (RQ) that gives a quantitative indication of the involvement of different pathways in the production of CO 2 in relation to O 2 consumption may then be used for process monitoring and control. This method avoids fluctuations of dissolved oxygen tension associated with the on-line dynamic method and needs not to determine the solubility of O 2 in culture broth. The on-line estimation of RQ has been successfully used for the monitoring and control of microbial fermentation processes. For instance, RQ is used as a criterion to control the feeding rate of nutrients in yeast fermentation (Wang et al., 1977) and for an optimum oxygen supply in microaerobic cultures (Zeng et al., 1994) . However, RQ has not been established as a practical tool for mammalian cell cultures so far. This is probably due to the difficulty in determining CER because of the use of bicarbonate in medium. CO 2 may be released from the medium applied or dissolved substantially in the culture broth depending on the cultivation conditions and the composition and properties of the medium (Lovrecz and Gray, 1994; Bonarius et al., 1995; . Bonarius et al. (1995) proposed a method to estimate OUR, CER and RQ of animal cells in continuous culture from exit-gas analysis and balances of the liquid and gas phases. Uncertainties still exist in this kind of method because of the assumptions made in the derivation of the balance equations and the necessity of knowing the mass transfer coefficients and Henry constants for both CO 2 and O 2 . These parameters may change during the cultivation because of the changes of compositions and properties of the culture broth and other conditions of the reactor system. On the other hand, it is difficult to measure accurately OUR and CER due to the slow growth rates/low specific metabolic rates of such cultures, the low cell densities normally obtained in suspension cultures, and the use of bicarbonate buffers in media (Lovrecz and Gray, 1994) . Ideally, there should exist an independent method to estimate OUR, CER and/or RQ for checking the accuracy and/or consistency of the results from the exit-gas analysis. The OUR, CER and RQ values estimated in such a way may also help in understanding the growth and metabolism of animal cell cultures. The methods based on metabolic pathways and stoichiometry of cell growth and metabolism as proposed by Xie and Wang (1996) and Zupke and Stephanopoulos (1995a) represent such an attempt. These methods require a detailed knowledge of the metabolic pathways and stoichiometry. We present here a relatively simple method to estimate OUR, CER and RQ of animal cell cultures using material and energy balances.
Material and reductance degree balance equations of animal cell cultures
Animal cells are normally cultivated in medium containing glucose and glutamine as the main carbon and energy sources. Other essential components such as amino acids, vitamin and growth factors are also included. The major products of an animal cell culture are cells, protein products (e.g. monoclonal antibody (Mab), immunoglobulin G(IgG)), CO 2 , lactate, ammonium and some amino acids (mainly alanine in most cell lines). The material flows involved can be simplified as shown in Figure 1 . The following macroscopic balance equations can be written.
(1) Carbon balance 6q 1 + 5q 2 + q 3 = 3q 4 + 3q 5 + q 7 + q 8 + q CO 2 (1)
Where q 1 , q 2 , q 3 , q 4 , q 5 , q 7 , q 8 , q CO 2 are the specific consumption rates of glucose, glutamine, amino acids and production rates of lactate, alanine, product, biomass, and CO 2 , respectively. q 3, q 7 , and q 8 are lumped variables expressed as C-mole per unit biomass per time and can be calculated as follows:
In Equation (2), c i is the carbon atom number of ith amino acid (excluding glutamine and alanine). q AAi represents the specific utilization rate of amino acid i. In Equations (3) and (4), MW 7 and MW 8 are the molecular weights of the protein product and biomass, the molecular compositions of which are expressed as CH α N β O δ . M 7 is the specific mass formation rate of the product. DCW represents dry cell weight and µ is the specific growth rate.
(2) Nitrogen balance 2q 2 + β 3 q 3 = q 5 + q 6 + β 7 q 7 + β 8 q 8 (5) In Equation (5), β 3 , β 7 and β 8 are the nitrogen contents of the lumped molecular composition of amino acids (without glutamine and alanine), protein product and biomass based on C-mole, respectively. q 6 is the specific production rate of ammonia.
(3) Reductance degree balance
The reductance degree balance equation has been successfully applied to microbial cultures (Erikson et al., 1978; as a substitution for the balances of hydrogen and oxygen. To our knowledge it has not been applied to animal cell culture so far. According to Figure 1 the following equation may be valid for animal cell culture:
In Equation (6), γ 1 to γ 8 and γ O 2 are the reductance degrees of glucose, glutamine, amino acids, lactate, alanine, ammonia (NH + 4 ), protein product (e.g. Mab or IgG), biomass, and oxygen, respectively. Their values are given as follows according to the reductance degrees for carbon, hydrogen, oxygen and nitrogen being 4, 1, -2, and -3, respectively:
From Equations (1) and (6) the specific rates of OUR and CER could be obtained, respectively, and then RQ could be calculated as follows:
Results and discussion

Lumped compositions of biomass, product and amino acids utilized
To apply Equations (1)- (7) the compositions and reductance degrees of biomass, protein products and the lumped consumption of amino acids must be known. Macroscopically, animal cells can be considered to be composed of protein, carbohydrate, lipids, nucleotides (RNA and DNA), and water. Table 1 shows these components in percentage of dry cell weight reported for different hybridoma cells. It is understood that the variations of cellular composition and dry weight of cells may be cell line specific and depend on cultivation conditions (e.g., medium composition and physicochemical properties, growth phase and/or growth rate and dissolved oxygen level etc.). The chemical composition of cellular protein (CH a N b O d ) can be determined by analyzing the contents of 20 amino acids. The results as shown in Table 2a for some hybridoma cell lines indicate that the chemical composition of cellular protein for different cell lines is nearly the same although its molar percentages in cells can vary considerably (Table 1) . Differences are also observed for the total biomass composition of different cell lines (Table 2b ). On the other side, the total biomass composition of a given cell line grown on different media is fairly constant as suggested by the data of Bonarius et al. (1996) for a murine hybridoma cell line (Table 2b) . In this work, the average values are used to calculate OUR and CER values for cultures in which the cellular composition of biomass was not reported.
Very few data were reported for the elemental composition of Mab or IgG (Table 2a) . In this study, the lumped composition of Mab or IgG which is calculated on the basis of 20 amino acid components reported by Edelman et al. (1969) for a γ -IgG is used. To obtain the lumped composition of amino acids consumed (excluding glutamine and alanine) the average values of measured amino acid consumption are used. Table 2c summarizes some typical lumped compositions of amino acids consumed by different cell lines. These values do not vary significantly. Therefore, the average values may be used. It should also be mentioned that the data used for the calculations of some of the compositions given in Tables 2a-c were not directly measured but reported values by the authors.
Estimation of OUR, CER and RQ
The measurement of OUR, CER and RQ has received increasing attention for the control and monitoring of animal cell cultures in the past years. Table 3 lists some recent experimental data of specific OUR (q O 2 ) and CER (q CO 2 ) for mammalian cells reported in the literature. OUR data of animal cell cultures before 1990 were summarized by Eyer et al. (1995) . Limited data of CER were reported in the literature because of the difficulties to determine CER in bicarbonatebuffered cultures. It is evident from Table 3 that the specific OUR and CER can vary in a relatively wide range. They depend not only on the cell line, but also on the cultivation conditions employed such as dissolved oxygen level (Zupke et al., 1995b) , growth rate (Hiller et al., 1991 (Hiller et al., , 1993 and nutrient concentrations. The oxygen consumption rates calculated from Equation (6) are in good agreement with the literature values as shown in Figure 2 for five different cultures (Hiller et al., 1993; Zupke et al., 1995b; Bonarius et al., 1996; Jan et al., 1997; Xie and Wang, 1996) . For the fed-batch cultures of Xie and Wang (1996) accumulative q O 2 values calculated from a detailed reaction network are included in Figure 2 as 'experimental' values for comparison of the two methods. It can be seen that the simple reductance degree balance (Equation (6)) gives exactly the same q O 2 values as calculated from the detailed reaction network. It should be mentioned that in some cases the experimental data are not complete for applying Equation (6). The biomass composition for the cultures of Hiller et al. (1993) and Jan et al. (1997) , Mab for the culture of Bonarius et al. (1996) and amino acid consumption for the culture of Zupke et al. (1995b) are calculated from nitrogen balance (Equation (5)). In fact, Equation (5) can be used to check the nitrogen balance of animal cell cultures. For example, the mean ratio of nitrogen output to input in the three fed-batch and one batch cultures of Xie and Wang (1996) is 1.05 according to Equation (5). This is because the consumption of vitamins, growth factors and serum (5% fetal bovine serum used in these studies) is not considered in Equation (5). This example also suggests that the consumption of these growth factors and nutrients has a relatively small influence on the total nitrogen balance. The deviation of nitrogen balance should be even smaller for hybridoma cells grown in serum-free media. In cases where more experimental data are missing the average compositions and reductance degrees of biomass, protein product (MAb or IgG) and amino acid consumption as given in Tables 2a-c may  be used. q CO 2 can be calculated from the carbon balance (Equation (1)). A good agreement between experimental results and calculations is obtained for three hybridoma cell lines as shown in Figure 3 . Again, the 'experimental' q CO 2 values for the cultures of Xie and Wang (1996) were calculated from a stoichiometric reaction network. The simple carbon balance equation gives exactly the same values as calculated from the reaction network with 26 chemical reactions. Compared to the method proposed by Bonarius et al. (1995) for the estimation of CER the use of carbon balance is also much simpler. The rates of input (nutrient consumption) and output (formation of biomass and products) as shown in Figure 1 can relatively easily be measured, some of them can even be determined on-line. In addition, the lumped molecular composition of biomass and products are relatively constant (Tables 2a-c) . The biomass production rate may be calculated according to Equation (4), where DCW can be estimated from the mean diameter of viable cells according to Frame and Hu (1990) .
With the specific OUR and CER values calculated, the RQ values can also be estimated which are compared with experimental values in Figure 4 . Relatively large deviations are obtained for RQ. Figure 4 demonstrates that the experimental RQ values generally lie in the range of 0.9 to 1.4 for the cultures considered in this work. A relatively low RQ value of 0.6 has been reported for CHO cells by Lovrecz and Gray (1994) . Aunins and Henzler (1993) reported an RQ value of 0.8 for an rNS/0 myeloma cell line. The average value of RQ for a murine hybridoma cell line determined by Bonarius et al. (1995 Bonarius et al. ( , 1996 was close to unity. However, Zupke et al. (1995a, b) found an RQ value of 1.3 for the same cell line Bonarius et al. (1996) used. It is not clear if these differences are due to the specific properties of the cell lines and the culture conditions or due to deviations of experimental determination. As revealed in Figure 4 , the calculation of RQ is sensitive to deviations of both OUR and CER. Hence, caution should be taken when using RQ as a control parameter for animal cell culture. Theoretically, complete oxidation of glutamine and glucose results in an RQ of 0.83 and 1.00, respectively (Bonarius et al., 1996) . Considering a culture in which glutamine provides 55% and glucose 45% of the energy requirement (Fitzpatrick et al., 1993) and assuming that both substrates are completely oxidized a theoretical RQ value of 0.9 would be expected. Incompleted oxidation of these nutrients will tend to increase the RQ value. The contribution of lipid biosynthesis to CO 2 release also leads to an increasing RQ (Bonarius et al., 1996) . Thus, an RQ value larger than 0.9 seems to be realistic for animal cell cultures.
In conclusion, material and degree of reductance balance equations can be used to estimate the rates of oxygen uptake and carbon dioxide evolution of animal cell culture. The use of these balance equations is straightforward and provides an independent method to check the accuracy and consistency of OUR and CER calculations from exit-gas analysis. They may also used for the modelling of animal cell culture.
